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a b s t r a c t
Thin-walled steel circular hollow sections (CHSs) are widely used in wind turbine towers. The tower
tubes are mainly subjected to bending. There have been a few experimental studies on the bending
behavior of thin-walled CHS steel tubes. This paper describes a series of bending tests to examine the
inﬂuence of section slenderness on the inelastic and elastic bending properties of thin-walled CHS. In
addition, the inﬂuence of stiffeners welded in the steel tube is considered. Sixteen bending tests were
performed up to failure on different sizes of CHS with diameter-to-thickness ratio (D/t) varying from 75
to 300. The experimental results showed that the specimens with small diameter-to-thickness ratios
failed by extensive plastiﬁcation on the central part of the tube. With the increase of diameter-to-
thickness ratio, the local buckling phenomena became more pronounced. The stiffeners in the steel tubes
increased the load carrying capacity and improved the ductility of the specimens. The experimental
results were compared with current design guidelines on thin-walled steel members in AISC-LRFD,
AS4100 and European Speciﬁcation. It was found that the test results agreed well with the results based
on AS4100 design code.
& 2013 The Authors. Published by Elsevier Ltd.
1. Introduction
The wind industry continues to grow rapidly throughout the
world. Wind turbines are becoming an important alternative to
standard energy provision. Largely because wind energy costs are
becoming comparable to coal and nuclear on average kW h costs
today, in addition, wind energy is renewable and has no direct
pollution related environmental effects [1]. Circular hollow sections
(CHS) are widely used in wind turbine towers as shown in Fig. 1.
The turbine tower is mainly subjected to bending moment caused
by lateral wind load or earthquake load. The bending capacity and
buckling behavior of CHS are closely related to the diameter-to-
thickness ratio (D/t) which is generally over 150 for CHS used as
wind turbine towers, with a D/t ratio up to 381 being reported [2].
With the increase of the diameter-to-thickness ratio, local
buckling may affect the bending behavior of circular tubular
sections. Steel design speciﬁcations deﬁne different classes of
cross sections depending on the point at which local buckling
occurs during bending. In AISC-LRFD and AS4100 speciﬁcations,
sections can be classiﬁed as compact, noncompact and slender
[3,4]. In the past, many experimental studies on CHS were
conducted by researchers [5–7]. The inﬂuence of initial geometry
imperfection, residual stress, steel yield strength etc. was consid-
ered in their studies [8–10]. However, most research work has
focused on the CHS subjected to axial load. The research on CHS
subjected to bending moment is much less extensive, particularly
for thin-walled CHS. Some of the tests on CHS subjected to
bending are listed in Table 1. Three kinds of loading types are
commonly used to study the bending behavior of steel tubes, i.e.,
the simply-supported beam test, the cantilever beam test and
the pure bending beam test. From Table 1, it can be seen that the
diameter-to-thickness ratios are ranging from 17 to 122.
The smaller D/t ratios in these tests may be due to the fact that
the majority of CHS tubes in the building or automotive industry
are compact sections that were subject to axial load or a combina-
tion of axial load and bending moments. Little research can be
found in the literatures for the bending behavior of CHS with a D/t
ratio over 150 [11]. This study aims to study the bending behavior
of CHS with a D/t ratio beyond 150. In order to compare the test
results with previous studies, tubes with D/t ratios ranging from
75 to 150 were also tested. The test results were checked against
the current steel design speciﬁcations. As a method in improving
the bending capacity and ductility of CHS, steel stiffeners were
welded in steel tubes to study its inﬂuence on bending capacity
and ductility of thin-walled CHS.
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2. Experimental study
2.1. Design and fabrication of CHS tubes
To study the bending behavior of CHS, four-point-bending tests
have adopted by many researchers. With four-point bending, a
pure bending region is generated between the central loading
points. However it requires large scale testing rig to perform a four-
point bending test for specimens with a large diameter. In this case,
a bending test on cantilever beams is an alternative option. In this
study, both four-point-bending and cantilever tests were con-
ducted. A total of sixteen CHS tubes were designed and fabricated,
which included 8 simply-supported beams with D/t ranging
between 75 and 150, and 8 cantilever beams with D/t ranging
from 100 to 300. Specimen details are summarized in Table 2. To
improve the bending capacity and avoid the early appearance of
the local buckling of steel tubes, four stiffeners were welded in
specimens DT200-R and DT300-R. The specimens were manufac-
tured by roll-forming steel strips into tubes and then seam welded
longitudinally. For stiffened specimens, the stiffeners were welded
in the steel tube by automatic submerged arc welding.
For four-point-bending tests, two stiffening plates were welded
on each specimen to support the vertical load and to prevent local
buckling at loading points. Two end plates with 10 mm thickness
were welded at both ends of each specimen, as shown in Fig. 2. For
the cantilever beam test, one 20 mm thick end plate was welded to
the ﬁxed end and another 10 mm thick plate was welded to the
loading end, as shown in Fig. 3. For specimens with stiffeners, the
stiffeners were welded in steel tubes before the welding of the end
plates. The length and thickness of stiffeners were 50 mm and 2 mm,
respectively.
To determine the steel material properties, three tensile cou-
pons were cut out from each steel sheet and tested in accordance
with the Chinese standard GB/T228-2002 (2002) [17]. The average
material properties are listed in Table 3, where t is the steel plate
thickness, fy, fu, Es, ν and δ are steel yield stress, tensile strength,
Nomenclature
D outside diameter of tubes
Db vertical displacement at the bottom for cantilever
beam
DM displacement at the mid-span
DL displacement at the loading position
Es Young′s modulus of elasticity
fy steel yield stress
fu ultimate tension strength of steel
L length of specimen
M bending moment
My yield bending moment
Mp plastic bending moment
Mu ultimate bending moment
r radium of circular arc
R normalized rotation
S plastic section modulus
t thickness of steel tube
Z elastic section modulus
θmax rotation corresponding to the maximum moment
θy rotation corresponding to the elastic moment
λ generalized section slenderness
ν Poisson ratio of steel
δ elongation ratio of steel
ω measured initial geometric imperfection
Fig. 1. Wind turbine towers with circular hollow section.
Table 2
Dimensions of CHS tubes.
No. Se. D/mm t/mm L/mm D/t Test beams
1 DT75-1 150 2.00 3000 75 Simply-supported
2 DT75-2 150 2.00 3000 75 Simply-supported
3 DT100-1 200 2.00 3000 100 Simply-supported
4 DT100-2 200 2.00 3000 100 Simply-supported
5 DT125-1 250 2.00 3600 125 Simply-supported
6 DT125-2 250 2.00 3600 125 Simply-supported
7 DT150-1 300 2.00 3600 150 Simply-supported
8 DT150-2 300 2.00 3600 150 Simply-supported
9 DT100-3 200 2.00 1500 100 Cantilever
10 DT100-4 200 2.00 1500 100 Cantilever
11 DT200-1 400 2.00 2000 200 Cantilever
12 DT200-2 400 2.00 2000 200 Cantilever
13 DT300-1 600 2.00 3000 300 Cantilever
14 DT300-2 600 2.00 3000 300 Cantilever
15 DT200-R 400 2.00 2000 200 Cantilever
16 DT300-R 600 2.00 3000 300 Cantilever
Table 1
Research on bending test of steel CHS.
No. D/t fy (MPa) Fabrication type Loading type Reference
1 17–87 279–429 Fabricated Simply-supported beam Cantilever beam Sherman [12]
2 17–32 365–460 Cold-formed Simply-supported beam Elchalakani et al. [13]
3 36–122 365–410 Cold-formed Pure bending beam Elchalakani et al. [14]
4 19–48 1327–1398 Cold-formed Simply-supported beam Pure bending beam Jiao and Zhao [15]
5 43–121 375–602 Fabricated Simply-supported beam Kiymaz [16]
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Young's modulus of elasticity, Poisson ratio and elongation ratio,
respectively.
In the bending tests, the top part of the tube was subjected to
longitudinal compression and was affected by the presence of initial
geometrical imperfections (deviations from nominal perfect cylind-
rical shape), especially when the specimen failed by local buckling. A
laser displacement meter, KEYENCE LK-G80, was used to measure the
initial geometrical imperfection of each specimen. The measured
imperfection values are small except specimens DT200-2 and DT300-
2, which are listed in Table 4. On specimens DT200-2 and DT300-2,
the inward bulges appeared during the transportation process.
2.2. Experimental setup
Fig. 4 shows the setup of the simply-supported beam test.
A hydraulic jack was used to apply the vertical load at the center of
each beam. The load was transferred symmetrically to two points
on each beam through a spreader beam. Cylindrical rollers were
placed between the spreader beam and the stiffening plate and
at the supports of both ends.
A load cell was used to measure the applied load. Nine LVDT
transducers were installed to measure the displacement at different
locations. As can be seen in Fig. 4, two transducers were positioned at
each end plate. Three LVDTs were located at the loading points and at
the mid-span to measure the vertical deﬂections, while four additional
LVDTs were positioned at each end of the beam to measure
longitudinal displacements. Uniaxial strain gauges and strain rosettes
were placed on the cross-section at the mid-span and the cross-
section near the loading plate, as shown in Fig. 4.
Fig. 5 shows the test setup of the cantilever beams. The end plate
was ﬁxed on the base by high strength bolts, and the base was ﬁxed
on the test frame. A hydraulic jack was used to apply the vertical load
that was transferred to the specimen through the end plate. The
purpose of the end plate was to evenly distribute the concentrated
load at the end section and to prevent premature local failure. A total
of seven LVDTs were installed to measure the deformation of each
specimen with ﬁve of them being installed vertically to measure the
vertical deformation, and the other two transducers installed in the
horizontal direction at the ﬁxed end to monitor the rotation of the
support. Uniaxial strain gauges and strain rosettes were also placed
on the cross-section near the bottom of specimens. The distribution
of strain gauges and strain rosettes on cantilever beams were the
same as with those on simply-supported beams.
The load was applied in accordance with the Chinese code JGJ
101-96(1996). In the elastic range, the vertical load was applied
with an increment load which was one-ﬁfth of the calculated
capacity of the specimen. Beyond the elastic range, the displace-
ment control loading method was adopted.
3. Failure modes
3.1. Failure mode of specimens without stiffeners
3.1.1. Smooth kink failure mode
For specimen DT75-2 with D/t ratio of 75, the inward deforma-
tion appeared when the specimen reached its bending capacity as
shown in Fig. 6. The smooth kink was the typical failure mode for
compact tubes with smaller diameter-to-thickness ratios. The
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Fig. 3. Dimension of cantilever beam (a) Dimension of cantilever beam. (b) Cross section for CHS with stiffeners.
Table 3
Steel properties.
t/mm fy/MPa fu/MPa Es/MPa ν δ
2.0 190 315 1.88105 0.36 0.51
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ovalisation phenomenon, which is symmetric, is evident for
compact tubes. The specimen failed by extensive plastiﬁcation
on the central part of the tube, without visible local buckling
occurring. Beyond the peak load, the load carrying capacity
dropped gradually with the increase of vertical displacement.
The specimen exhibited good rotation capacity.
3.1.2. Wave-buckling failure mode
For specimen DT100-2, the corresponding diameter-to-
thickness ratio was 100. When the specimen reached its peak
load, the local buckling at the top of the compression part
appeared. The wave-like multiple ripples were found on circular
tubes. The local buckling was an inward indentation, which was
also very smooth. The load carrying capacity dropped dramatically
at the collapse. The experimental photos after the test are shown
in Fig. 7, which are different from those in Fig. 6.
For specimen DT100-1, the failure positionwas focused on the part
near the loading position as shown in Fig. 8. At this part, the bending
moment and shear force were both very large. When the specimen
reached its peak load, the outward local buckling appeared at the top
compression part. Due to the conﬁnement of stiffening plate, the
failure mode was different from that of specimen DT100-1. In the
cantilever test, the specimens DT100-3 and DT100-4 had the same
cross-section and thickness, whose failure phenomena were similar to
that of specimen DT100-1, as shown in Fig. 9. The failure mode of
specimens with diameter-to-thickness ratio of 125 and 150 were
similar to that of specimen DT100-2, as shown in Figs. 10 and 11. It can
be seen that the smooth wave-buckling failure modes appeared for
specimens with D/t ratio ranging from 100 to 150.
3.1.3. Local buckling failure mode
Fig. 12 shows the failure mode of specimens with diameter-to-
thickness ratios of 200 and 300, which are ﬁxed at the bottom as
cantilever beams. When they reached the peak load, the inward
local buckling near the support appeared, accompanied by the
sudden drop of the load-carrying capacity and the increase of
vertical displacement. From the two specimens, it can be seen that
the larger diameter-to-thickness ratio, the more severe the local
buckling that is indicated by the number of buckling ripples in the
beams. These failure modes are clearly different from those of
cantilever specimens DT100-3 and DT100-4. It can be concluded
that local buckling failure mode appears for specimens with D/t
ratio ranging from 200 to 300.
3.2. Failure mode of specimen with stiffeners
In order to examine the behavior of stiffeners in resisting local
buckling, two specimens (DT200-R and DT300-R) with stiffeners
were tested as cantilever beams. Fig. 13 shows the failure mode of
the two specimens with stiffeners. It can be seen that the stiffeners
change the failure mode. They stiffened the compression part
effectively, thus prevented the development of local buckling. The
buckling position appeared near the stiffeners. This failure mode
was different from that of specimens without stiffeners. The local
buckling was symmetric to the stiffener. Compared with the
failure mode of specimen without stiffeners (see Fig. 12), the
inward buckling deformation is smaller. After the peak load was
reached, the load-carrying capacity dropped gradually as the
vertical displacement increased.
4. Analysis of experimental results
4.1. Load-deformation relationship curves
The curves of the vertical load versus the deﬂection at the
mid-span of simply-supported beams are presented in Fig. 14.
Table 4
Maximum initial geometric imperfection (mm).
No. DT75-1 DT75-2 DT100-1 DT100-2 DT125-1 DT125-2 DT150-1 DT150-2
ω (mm) 0.17 0.09 0.34 0.35 0.20 0.49 0.13 0.24
No. DT100-3 DT100-4 DT200-1 DT200-2 DT300-1 DT300-2 DT200-R DT300-R
ω (mm) 0.27 0.15 0.89 2.56 1.25 2.87 ——— ————
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Fig. 5. Experimental setup for cantilever beam.
L. Guo et al. / Thin-Walled Structures 73 (2013) 281–289284
Fig. 7. Specimen DT100-2.
Fig. 8. Specimen DT100-1.
Fig. 9. Failure mode of cantilever beams (D/t¼100). (a) Specimen DT100-3. (b) Specimen DT100-4.
Fig. 10. Specimen DT125-1 (D/t¼125).
Fig. 6. Specimen DT75-2.
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The diameter-to-thickness ratio varies from 75 to 150. Two speci-
mens with the same dimensions were tested in each group. It can
be seen that the two beams with the same D/t ratio showed
similar behavior up to the peak load. However, different paths
were recorded in the descending part. This was due to different
failure positions on the beams which led to different deﬂections at
the mid-span of each beam. Fig. 15 shows the vertical load-
deﬂection relationship curves for cantilever beams with the
diameter-to-thickness ratio ranging from 100 to 300. It can be
seen that load-carrying capacities of the two specimens in Group
DT200 and DT300 were quite different. Because an initial geome-
trical imperfection existed in specimens DT200-2 and DT300-1,
Fig. 12. Specimens with diameter-to-thickness ratios of 200 and 300. (a) Specimen DT200-1. (b) Specimen DT200-2. (c) Specimen DT300-1. (d) Specimen DT300-2.
Fig. 13. Failure mode of specimens with stiffeners. (a) Specimen DT200R-1. (b) Specimen DT300R-1.
Fig. 11. Specimen DT150-1 (D/t¼150).
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decreasing of the load carrying capacity. This proves that initial
geometrical imperfections inﬂuence the load-carrying capacity of
specimen with large diameter-to-thickness ratios. This result
suggests that cares must be taken to avoid signiﬁcant initial
geometrical imperfections during the fabrication and transporta-
tion of CHS tubes with large D/t ratios.
From Figs. 14 and 15, it can be seen that the load dropped sharply
for beams with large D/t ratios after the peak load was reached.
Apparently the stiffeners in the steel tube were efﬁcient in increasing
the ductility of the specimens and in preventing the sudden drop in
loads and brittle failure of specimens when the peak load was
reached. For specimen DT200-R (with D/t of 200), the stiffeners also
increased the load-carrying capacity by 30%. However no signiﬁcant
increase in the load carrying capacity was observed for specimen
DT300-R (with D/t of 300). The ductility of specimen DT300-R was
improved after welding stiffeners in the steel tube. More research is
needed to study the effect of stiffeners in increasing the load carrying
capacity of CHS with different D/t ratios.
Fig. 16 shows the normalized bending moment versus mid-span
deﬂection curves of the simply-supported tubes. These curves have
been normalized by the simple plastic moment strength for each
specimen. It can be seen that specimens with smaller diameter-to-
thickness ratios showed greater rotation capacities with smooth
deformation plateaus, whereas specimens with larger diameter-to-
thickness ratios showed no plateau. A sudden drop in stiffness and
the moment was observed when the peak load was reached. It can
be concluded that the ductility of specimens decrease with the
increase of diameter-to-thickness ratio.
Table 5 shows the comparison of the measured maximum
moments with simple elastic and plastic moment resistances. It
can be seen that the measured maximum strength values are
higher than the simple elastic moment resistance except for
specimen DT300-2. The initial geometrical imperfection resulted
in a decrease in the moment resistance. When the diameter-to-
thickness ratio was over 150, the measured maximum strength
values were lower than the simple plastic moment resistance,
indicating that the specimens could not fully develop plasticity.
Specimens DT100-1 and DT100-2, which are simply-supported
beams, showed similar bending capacities to cantilevered speci-
mens DT100-3 and DT100-4. This result illustrates that both the
cantilever beams test method and the simply-supported beam test
method are suitable for obtaining the bending capacities of CHS
members. For specimen with diameter-to-thickness ratio of 200,
the bending moment improved by 30% after welding stiffeners in
the steel tube.
4.2. Strain data analysis
Fig. 17 shows the strain distribution along the height of the
cross section at different load levels. The longitudinal strain
distributions (as shown in Fig. 4) on the cross section under
different load levels of specimen DT100-3 (with D/t of 100) are
shown in Fig. 17(a). Negative values were measured for compres-
sive strains. It can be seen that the strain distribution was linear
until the specimen reached its bending capacity. It can also be seen
that the position of neutral axial, where the strain was zero, was
located at the center of the cross section. When the specimen
reached its bending capacity, the compressive strain (strain gauge
1) on the steel tube was 4320 με, indicating that the steel plate
reached its yield stress of 190 MPa. Beyond this point, the
compressive strain at the maximum compressive side decreased
due to the local buckling of steel tube. The test results proved the
assumption that the cross-section of circular hollow section tubes
subjected to bending remained planar before the bending capacity
was reached. Beyond the peak load, the strain on the top surface
decreased with the increase in deformation. It can be concluded
that the buckling of steel tube appeared after the steel on the top
reached its yield stress.
For specimens with diameter-to-thickness ratio of 300, the
neutral axis was located at the center of cross section before the
specimen reached its peak load as shown in Fig. 17(b). Beyond the
peak load, local buckling deformation appeared at the compres-
sion zone accompanied by a decrease of strain at the compression
zone. A compressive strain of 964 με was measured at the peak
bending moment, which is lower than the yield strain of 1010 με,
Fig. 14. Vertical load versus deﬂection at the mid-span of beams.
Fig. 15. Vertical load versus deﬂection of cantilever beams.
Fig. 16. M/Mp versus deﬂection at the mid-span of beams.
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indicating that elastic local buckling appeared when the specimen
reached its peak load.
4.3. Rotation capacity of specimens
Fig. 18 shows the normalized rotation (R) versus generalized
section slenderness (λ¼ Dt 
f y
250) relationship of the specimens. Here,
the normalized rotation is deﬁned as R¼ ðθmax=θyÞ1 (as given by
Sherman [12]) for CHS beams subjected to bending, where θmax is the
rotation corresponding to the maximum moment obtained in the
test and θy is the rotation corresponding to the elastic moment.
Both of the rotation values are calculated from the measured
deﬂections. The corresponding rotation was calculated by assuming
that the deﬂection proﬁle is part of a circular arc. The measurements
of LVDT-2 and LVDT-4 at the loading points are used to calculate the
average displacement DL at the loading points, while the mid-span
LVDT-3 gives the mid-span vertical displacement DM. The radius r is
then evaluated based on the assumption that the deformed shape of
the central span (of length L1) represents a segment of a circular arc
(of radius r) which gives the radius r deﬁned by Eq. (1)
r¼ 4ðDMDLÞ
2þL21
8ðDMDLÞ
ð1Þ
The rotation angle can be calculated by the following Eq. (2).
θ¼ L1=r ð2Þ
The trend in this relationship is in agreement with the experi-
mental results. It was found the most stocky tube (TD75, λ¼57)
showed the greatest rotation before reaching the bending capacity,
whereas the normalized rotation for the slender specimen (TD150,
λ¼114) was relatively small. In the simply-support beam test, the
specimens generally exhibited inelastic buckling with limited
rotation capacity either at the plastic moment or elastic moment.
In the European speciﬁcation, the sections are classiﬁed as Classes
1–4, while in AISC-LRFD and AS4100, the cross-sections are classiﬁed
as Plastic, Compact, Non-compact or Slender. Class 1 or Plastic cross-
sections can reach their plastic moment resistance and sustain it under
increased deformation, so that their rotation capacity can be utilized
for the purposes of plastic design. Class 2 or Compact sections are
cross sections that can reach their plastic but cannot sustain it under
increased deformation with limited rotation capacity. Class 3 or non-
compact cross-sections that can reach their elastic moment resistance
but cannot reach the plastic moment resistance due to local buckling.
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Table 5
Bending capacities of specimens.
No. Se. λ D (mm) t (mm) S (mm3) Z (mm3) MT (kN m) MT/My MT/Mp
1 DT75-1 67.4 150 2 33,937 43,811 8.72 1.35 1.05
2 DT75-2 67.4 150 2 33,937 43,811 8.58 1.33 1.03
3 DT100-1 89.9 200 2 60,941 78,411 14.91 1.29 1.00
4 DT100-2 89.9 200 2 60,941 78,411 15.23 1.31 1.02
5 DT125-1 112.4 250 2 95,795 123,011 23.61 1.30 1.01
6 DT125-2 112.4 250 2 95,795 123,011 23.69 1.30 1.01
7 DT150-1 134.9 300 2 138,499 177,611 31.91 1.21 0.95
8 DT150-2 134.9 300 2 138,499 177,611 31.56 1.20 0.94
9 DT100-3 89.9 200 2 60,941 78,411 15.24 1.32 1.02
10 DT100-4 89.9 200 2 60,941 78,411 15.32 1.32 1.03
11 DT200-1 179.8 400 2 247,457 316,811 51.54 1.10 0.86
12 DT200-2 179.8 400 2 247,457 316,811 46.32 1.00 0.77
13 DT300-1 269.8 600 2 559,573 715,211 115.67 1.09 0.85
14 DT300-2 269.8 600 2 559,573 715,211 92.80 0.87 0.68
15 DT200-R 179.8 400 2 247,457 316,811 65.57 1.42 1.09
16 DT300-R 269.8 600 2 559,573 715,211 124.64 1.17 1.00
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Class 4 or slender sections are cross-sections in which premature local
buckling prevents the attainment of the elastic moment.
In general, the rotations appear to be limited to classify the
sections as Class 1 or plastic (0.13oRo2.27). A normalized
rotation value of R43–4 is, generally, required for a circular
hollow section to qualify a Class 1 category. Specimens DT75-1
and DT75-2 exceeded the plastic moment resistance with R44,
the sections may be classiﬁed as Class 1. Specimens DT100-1,
DT100-2, DT100-3, DT100-4, DT125-1 and DT125-2 exceeded the
plastic moment resistance, and the normalized rotation R is
between 1 and 3, which can be classiﬁed as Class 2. For specimens
DT150-1 and DT150-2, the plastic moment resistances are less
than plastic moment resistance, and their normalized rotation R
is less than 1, which can be classiﬁed as Class 3.
5. Comparison with available steel speciﬁcations
There are a number of speciﬁcations available for the design of
moment resistance of circular tubes including the American AISC-
LRFD, Australian AS4100 and European Speciﬁcation [18]. For
design purpose, it′s extremely important to have a routine design
procedure which is representative, and conservative in predicting
the ultimate strength. The experimental results are used to
evaluate the design codes, including AISC-LRFD, AS4100 and
European Speciﬁcation. For AISC-LRFD and AS4100, no limitation
on section slenderness was speciﬁed in calculating bending
strength. While in the European speciﬁcation, no design guidance
is given for members with D/t40.313Es/fy.
Some test data from other references were also applied to
validate the design speciﬁcations. Fig. 19 shows the comparison
results based on the above mentioned three design speciﬁcations
together with the test results. It can be seen that different design
curves were adopted by different design speciﬁcations in calculat-
ing the load carrying capacities of beams. The Mu/Mp values of a
few beams with D/t ratio larger than 150 tested in this study are
lower than the limit speciﬁed in AISC-LRFD. While the limit
speciﬁed in the European speciﬁcations appears too conservative
for the beams in this study, the Australian design code AS4100
seems more suitable in designing the beams.
6. Summary and conclusions
This paper has presented the results of an experimental study on
thin-walled steel circular hollow section (CHS) under bending. A total
of sixteen specimens were fabricated and tested, with diameter-to-
thickness ratio ranging from 75 to 300. The inﬂuence of stiffeners on
bending capacities and ductility was also studied. Based on the test
observations and analyzing of experimental data, the following
conclusions can be drawn.
Specimens with small diameter-to-thickness ratios (D/t¼75)
failed by extensive plastiﬁcation on the central part of the tube,
without visible local buckling. With the increase of diameter-to-
thickness ratio, more buckling ripples appeared, and the local
buckling became more pronounced. For specimens with diameter-
to-thickness ratio over 200, the load carrying capacity decreased
due to the initial geometrical imperfections. Care should be taken
to reduce initial geometrical imperfection during the fabrication of
the tubes. Stiffeners can be efﬁciently used in steel tubes to
prevent the development of local buckling, thus increasing the
bending moment and ductility. Through comparison of the test
data with the design guidelines of AISC-LRFD, AS4100 and Eur-
opean Speciﬁcation on thin-walled steel members, the Australian
design code AS4100 seems more suitable in designing the beams
tested in this paper.
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